This letter reports the giant magnetoimpedance ͑GMI͒ effect and its magnetic response in optimized Co 70 Fe 5 Si 15 Nb 2.2 Cu 0.8 B 7 amorphous and Fe 71 Al 2 Si 14 B 8.5 Cu 1 Nb 3.5 nanocrystalline ribbons. At a given frequency of 5 MHz, the largest GMI ratios of 513% and 640% were observed for the Co-based amorphous and Fe-based nanocrystalline samples, respectively. More interestingly, the magnetic response reached the largest value of 144%/Oe at the frequency of 4 MHz for the Co-based amorphous sample and of 40%/Oe at the frequency of 5 MHz for the Fe-based nanocrystalline sample. This is ideal for high-frequency and high-performance GMI-based sensor applications. The skin effect model was used to interpret the obtained results of GMI in connection with the magnetic-field and frequency dependences of the longitudinal permeability.
I. INTRODUCTION
The discovery of the so-called giant magnetoimpedance ͑GMI͒ effect in amorphous and nanocrystalline ferromagnetic materials, such as Co-based amorphous and Fe-based nanocrystalline materials, has enabled the development of high-performance magnetic sensors.
1,2 GMI effect can be understood as a large change in the ac complex impedance of a ferromagnetic conductor upon the application of an external dc magnetic field.
1 From a theoretical point of view, the largest GMI effect should exist in magnetic materials having ͑i͒ low resistivity, , ͑ii͒ high magnetic permeability , ͑iii͒ high saturation magnetization M s , and ͑iv͒ small ferromagnetic relaxation parameter ␣. 3 However, the maximum value of GMI effect experimentally observed for existing materials has been much smaller than the theoretically predicted value.
1-3 Therefore, in order to attain the properties suitable for practical applications, the majority of research activities in this field has mainly focused on the application of thermal treatments [4] [5] [6] and on the development of materials through fine tuning the alloy compositions. 7, 8 For instance, Phan and co-workers 7, 8 have recently shown that the GMI effect and its magnetic response can be significantly improved in CoFeSiB amorphous alloys with partial substitution of Cu and Nb for B and in FeSiBCuNb nanocrystalline alloys with proper Al substitution for Fe.
In this paper, we report the results of the optimized GMI effect in CoFeSiBCuNb amorphous and FeAlSiBCuNb nanocrystalline materials. The superior magnetic properties of these materials make them ideal for high-performance sensor applications. 3.5 ribbons with a width of 4 mm and a thickness of 15 m were prepared by the melt-spinning method. Based on x-raydiffraction, differential scanning calorimetry ͑DSC͒, and transmission electron microscope ͑TEM͒ analyses, an optimization of annealing temperature and time was made for both samples; the former was annealed at 300°C for 25 min in order to relieve internal stresses ͑denoted as Co-Amor͒, while the latter was annealed at 550°C for 45 min to achieve ultrasoft magnetic nanocomposites ͑denoted as Fe-Nano͒. The resistivities of both samples were measured using a standard four-probe method. The obtained resistivity values of Co-Amor and Fe-Nano samples are = 0.32ϫ 10 −5 and 0.5 ϫ 10 −6 ⍀ m, respectively. Magnetoimpedance and permeability measurements were carried out along the ribbon axis with dc magnetic fields up to 100 Oe and in the frequency range of 0.1-10 MHz. The samples with a length of about 15 mm were used for these measurements. A schematic diagram of a magnetoimpedance measurement system can be found elsewhere. 7 The percentage change of magnetoimpedance ͑i.e., the GMI ratio͒ with applied magnetic field has been expressed as
II. EXPERIMENT
and the dc magnetic-field sensitivity of GMI ͑i.e., the magnetic response͒ is given as
where H max is the maximum applied dc magnetic field which is 100 Oe in the present work. ⌬H is the full width at half 
III. RESULTS AND DISCUSSIONS
In our previous works, 8.5 Cu 1 Nb 3.5 sample annealed at 550°C for 45 min ͑Fe-Nano͒. Therefore, we focus on presenting and discussing the results of these two samples. Figure 1 shows the dc magnetic-field dependence of GMI profile ͓⌬Z / Z͑%͔͒ at representative frequencies of f = 1, 5, and 7 MHz for both Co-Amor and Fe-Nano samples. It can be seen that, upon the application of a dc magnetic field of 100 Oe, the largest GMI ratio reached the values of 513% and 640% at a given frequency of 5 MHz for the amorphous and nanocrystalline samples, respectively. These values are much larger than those previously reported for CoFeSiB amorphous and FeSiBCuNb nanocrystalline materials.
1,2 For Co-Amor sample the maximum value of GMI ͓i.e., ͑⌬Z / Z͒ max ͑%͔͒ was observed at near zero field ͑H ϳ 0͒ and the GMI profile had a single-peak feature in the whole frequency range investigated. Unlike the case of Co-Amor sample, the GMI profile for Fe-Nano sample showed a single-peak feature at frequencies below f = 1 MHz, but a double-peak feature was observed at higher frequencies ͑f Ͼ 1 MHz͒. Figure 2 displays the frequency dependence of ͑⌬Z / Z͒ max ͑%͒ for both samples. It is obvious that ͑⌬Z / Z͒ max ͑%͒ first increased with frequency up to 5 MHz and then decreased at higher frequencies. More interestingly, for both samples, the field sensitivity of GMI ͓i.e., the magnetic response in Eq. ͑2͔͒ first increased drastically with frequency, reached the largest value of = 144% / Oe at f = 4 MHz for Co-Amor sample and of =40% /Oe at f = 5 MHz for Fe-Nano sample, and then decreased at higher frequencies ͑see the inset of Fig. 2͒ .
The results obtained above can be interpreted according to the skin effect model developed for film-type materials; the model considers the change in the magnetic penetration depth ͑␦ m ͒ in relation to the change of the transverse permeability ͑ T ͒ caused by the application of an external magnetic field ͑H͒ via the following expression: ␦ m = c / ͑4
2 f͒ 1/2 , where c is the speed of light, is the electrical conductivity, and f is the frequency of the ac current ͑I͒ flowing along the sample.
1, 3 In the present work, a singlepeak feature observed in Co-Amor sample ͓Fig. 1͑a͔͒ can be attributed to a pure rotation of the magnetic moments from the transverse to longitudinal direction of the ribbon caused by the longitudinally applied dc magnetic field. 7 The doublepeak characteristic of GMI profiles observed in Fe-Nano sample at frequencies above 1 MHz ͓Fig. 1͑b͔͒ is likely caused by the change in the switching and anisotropy field of the sample with increasing frequency. 8 Furthermore, at frequencies below 1 MHz ͑i.e., the half thickness of the ribbon, a Ͻ ␦ m ͒, the maximum value of GMI ͑⌬Z/Z͒ max ͑%͒ was relatively low due to the contribution of the induced magnetoinductive voltage to the measured magnetoimpedance. When 1 ഛ f ഛ 5 MHz ͑a Ϸ ␦ m ͒, the skin effect is dominant; hence a higher ͑⌬Z/Z͒ max ͑%͒ was observed. Above f = 5 MHz, the ͑⌬Z/Z͒ max ͑%͒ decreases with increasing frequency ͑see Fig. 2͒ . It is believed that, in this frequency region ͑f ജ 5 MHz͒, the domain-wall displace- ments were strongly damped owing to eddy currents, thus contributing less to the transverse permeability, i.e., a small ͑⌬Z/Z͒ max ͑%͒.
Regarding the frequency dependence of the magnetic response ͑͒ as seen in the inset of Fig. 2 , it is proposed that, with increasing frequency in the range of 1-5 MHz, the strong increase of is likely due to the strong increase of GMI resulting from both contributions of domain-wall displacement and magnetization rotation processes and to the fact that the increase in GMI was much stronger than that in ⌬H as the measured frequency was increased. In contrast, at higher frequencies ͑f ജ 5 MHz͒, the strong drop in is caused by the decrease in GMI and the increase in ⌬H ͓cf. Eq. ͑2͔͒. It is worth emphasizing that the high values of obtained for both samples at frequencies as high as up to 10 MHz are extremely useful for high-frequency applications.
To this end, there is an emerging question: Why does Fe-Nano sample has a larger GMI effect but a lower magnetic response as compared to Co-Amor sample? In order to address this, we have considered the magnetic-field and frequency dependences of the longitudinal permeability ratio ͓i.e., ⌬ / ͑%͔͒. It has been experimentally shown that the magnitude of ⌬ / is larger for Fe-Nano sample than that for Co-Amor sample in the frequency range investigated ͑see Fig. 3 , for example͒. In addition, the FWHM of the ⌬ / -H curve for Fe-Nano sample is larger compared to that for Co-Amor sample ͑Fig. 3͒. As pointed out earlier in Ref. 9 , the larger the magnitude of ⌬ / , the larger the GMI effect achieved. Also the larger the FWHM of the ⌬ / -H curve, the lower the magnetic response obtained, because the FWHM of the ⌬ / -H curve varies proportionally to that of the ⌬Z / Z-H curve. 9, 10 It is therefore reasonable to conclude that, when compared with Co-Amor sample, the larger GMI effect of Fe-Nano sample ͑Fig. 2͒ resulted from the larger value of ⌬ / and the lower value of the resistivity; the lower value of of this sample ͑the inset of Fig. 2͒ is due to the larger FWHM of the ⌬ / -H curve ͑Fig. 3͒. To further interpret the broadening of the ⌬Z / Z-H curve with increasing frequency, we can adopt a simple model for the transverse biased permeability in thick ferromagnetic films. 11 According to this model, at high frequencies, it is the eddy current damping and ripple field ͑H R ͒ incorporating with anisotropy ͑H K ͒ that give rise to the peak of permeability and the broadening of the ⌬Z / Z-H curve. In the present work we also found that the maximum value of ⌬ / decreased with increasing frequency in the measured frequency range, because the longitudinal permeability actually decreased with increasing frequency. This also caused a decrease in the GMI effect at high frequencies ͑f ജ 5 MHz͒. 8.5 Cu 1 Nb 3.5 nanocrystalline materials. In the investigated frequency range, both samples have considerably high values of GMI ratio and magnetic response. Compared with the Fe-based nanocrystalline sample, the Co-based amorphous sample has significantly higher magnetic response and slightly lower GMI. These results indicate that both materials are promising for high-performance sensor applications. Although the magnetic response is higher for the Co-based amorphous material, the Fe-based nanocrystalline material has the advantage of being cheaper. The GMI phenomena in amorphous and nanocrystalline magnetic ribbons can be explained in the light of the skin effect model in connection with the magnetic-field and frequency dependences of the longitudinal permeability.
IV. CONCLUSIONS

